Recent investigations on mechanisms of carcinogenesis have demonstrated important quantitative relationships between the induction of neoplasia, the molecular dose of promutagenic DNA adducts and their efficiency for causing base-pair mismatch, and the extent of cell proliferation in target organ. These factors are involved in the multistage process of carcinogenesis, including initiation, promotion, and progression. The molecular dose of DNA adducts can exhibit supralinear, linear, or sublinear relationships to external dose due to differences in absorption, biotransformation, and DNA repair at high versus low doses. In contrast, increased cell proliferation is a common phenomena that is associated with exposures to relatively high doses of toxic chemicals. As such, it enhances the carcinogenic response at high doses, but has little effect at low doses. Since data on cell proliferation can be obtained for any exposure scenario and molecular dosimetry studies are beginning to emerge on selected chemical carcinogens, methods are needed so that these critical factors can be utilized in extrapolation from high to low doses and across species. The use of such information may provide a scientific basis for quantitative risk assesesment.
Introduction
Tumor incidence data from chronic bioassays on many important industrial and environmental chemicals are increasingly being factored into quantitative assessments of potential cancer risk. These estimates of risk are usually for human exposures that are orders of magnitude lower than those used in the animal studies. For such estimates to be accurate, one must first identify which factors are critical determinants in the dose-response relationship for carcinogenesis, and then appropriately weigh those factors that change between high and low exposure.
Recently, considerable attention has focused on the potential of using "molecular dose" as one such factor (1) (2) (3) . The molecular dose is the amount of an agent that reaches a critical target site, usually a macromolecule such as DNA or hemoglobin. The actual entity that is quantitated (i.e., DNA adduct) is the molecular dosimeter, and the process of measuring the molecular dose is termed "molecular dosimetry." Since many factors such as absorption, distribution, and biotransformation represent saturable processes, it is probable that the molecular dose will bear a closer relationship to biological effects than would external exposure. If metabolic activation becomes saturated, as is the case for vinyl chloride (4) and NNK (5-7), then exposures above the saturation point would result in molecular doses lower than predicted. On the other hand, if detoxification becomes saturated at high exposure, the molecular dose would be higher than would be predicted from the low exposure data. Thus, bioactivation and detoxification are critical determinants in extrapolation from high to low doses. correlation with tumor formation (8) . In contrast, a large body of evidence has demonstrated that alkylation of the exocyclic oxygens, especially 06-alkyldeoxyguanosine (06-alkyldG) (8-10) and 04-alkyldeoxythymidine (04-alkyldT) (11, 12) , does correlate with tumorigenesis, mutagenesis, and the ability to mispair during replication (13, 14 In addition to DNA adduct formation related to known chemical exposure, DNA damage can occur from unknown exposures such as irradiation and contaminants in the diet, air, or water. Presently, such spontaneous DNA damage cannot be quantified, but it is likely to play a role in spontaneous neoplasia, such as occurs in unexposed control animals (15) . Spontaneous DNA damage may also be involved in carcinogenic responses of nongenotoxic carcinogens.
As has been described as cell proliferation leading to the selective clonal expansion of the initiated cell population (Fig. 2 ). This expansion increases the probability of further genetic alterations in the initiated cell population believed to be necessary in the multistage process of carcinogenesis (16, 17) . In the final stage of carcinogenesis, cell proliferation is essential for the irreversible progression from benign focal proliferations to malignant neoplasms (16) . Cell replication is frequently increased in tissues exposed to toxic doses of a chemical. Thus, the extent of cell proliferation can vary greatly between high and low exposures. Since cell proliferation is clearly involved in carcinogenesis, such dose-responsive changes need to be factored into the dose response for carcinogenesis.
The best data for extrapolating the extent ofinitiation from high to low exposures should be provided by the combination of molecular dose, coupled with efficiency for mispairing for each molecular dosimeter and the extent of cell proliferation over the range of exposure from that tested in animals to that expected for humans (Fig. 1 ). Cell proliferation also should modulate clonal expansion and second mutational events in a dose-responsive manner. While we do not have a complete understanding of these interactions for a single chemical, data covering one to three orders of magnitude of exposure are becoming available for several carcinogens on the molecular dosimetry of major DNA adducts and the extent of cell proliferation. Examples of these data are described in the following sections. Diethyinitrosamine Diethylnitrosamine (DEN) represents one of the best-studied chemical carcinogens. Chronic bioassay data, complete with detailed analyses oftumor incidence and survival, are available covering exposures over three orders of magnitude (18) . Research on the formation and repair of DNA adducts induced by DEN have shown that 04-EtdT is the major promutagenic adduct in liver DNA of chronically exposed rats (11) . Although 06-EtdG is chemically formed at concentrations three-to fourfold greater than 04-EtdT, it is efficiently removed by the 06-alkylguanine-DNA alkyltransferase. In contrast, 04-EtdT is repaired slowly, having a t½ of approximately 11 days (19) . This leads to concentrations of 04-EtdT that are approximately 50 times higher than 06-EtdG.
More recently, experiments on the molecular dosimetry of 04-EtdT have been conducted using rats exposed to 0, 0.4, 1, 4, 10, 40, or 100 ppm DEN in the drinking water for up to 70 days (20) . As shown in Figure 3 Cell replication also increased in a dose-and timedependent manner at higher DEN concentrations (Fig.  4) . However, the numbers oflabeled hepatocytes in rats exposed to 1 or 0.4 ppm DEN were not significantly greater than those of controls, indicating that increased cell replication is primarily associated with exposure to high doses of DEN. Labeling indices were increased as much as 15 times that of controls in the left lobes of rats exposed to 100 ppm DEN and averaged a threefold increase in animals exposed to 10 or 4 ppm DEN. The interaction of promutagenic DNA adducts, such as 04-EtdT, and cell replication in carcinogenesis is supported by data on hepatocyte initiation using the same DEN exposure conditions. Hepatocyte initiation showed similar trends, with the number of growth-selected y-glutamyltransferase positive (GGT +) foci increasing with both dose and time. At 40 ppm, the highest DEN concentration studied, hepatocyte initiation increased rapidly and then plateaued (12, 21) . At 10 and 4 ppm DEN, hepatocyte initiation appeared to be dependent on the product of DEN concentration and time of exposure and was unaffected by the rate of DEN consumption (Fig. 5) (21) . These data are consistent with data on 04-EtdT and cell proliferation. At 40 ppm, there was a marked increase in cell proliferation (ap- proximately ninefold), whereas at 10 and 4 ppm there was a three-to fourfold increase. Concentrations of 04-EtdT were linear with the concentration of DEN in drinking water at all three exposures. The plateau in hepatocyte initiation is believed to represent a steadystate of initiated hepatocytes, whereby the number of newly initiated hepatocytes equals the number of previously initiated hepatocytes that are killed due to cytotoxicity. The average focus in animals exposed to 40 ppm also had a greater volume after 4 weeks of exposure than did foci induced by exposure to 10 and 4 ppm, suggesting additional selection pressure due to the increase in cell proliferation. Unfortunately, this study suggests that growth-selected GGT+ foci will not be useful short-term indicators of initiation in investigations at lower DEN exposures, since an extrapolation to the carcinogenic concentration of 1 ppm DEN predicts that it would take nearly 80 weeks to produce 100 uose uu k rrm ) FIGURE 9 . Dose-dependent similarity of P2 cell labeling index observed in male rat kidney during 3 weeks of inhalation exposure to unleaded gasoline and the number of renal epithelial tumors found in male rats exposed to unleaded gasoline for 2 years. From Short et al. (28 (22, 23) . Formaldehyde exposures of 6 ppm or greater result in disproportionately more DNA-protein cross-links per part per million formaldehyde than occur at concentrations of 4 ppm or less (Fig. 7) . This is the result of saturation of glutathionedependent pathways for detoxification. Of great interest is the fact that a major nonlinearity in formaldehydeinduced nasal cancer occurs between 6 and 15 ppm, even though DNA-protein cross-links are linearly related to external exposure over these concentrations. Again, marked increases in cell proliferation at 15 ppm formaldehyde offer the best explanation (Fig. 8) (24) .
Unleaded Gasoline
Chronic exposure to unleaded gasoline induces kidney tumors in male rats, but not female rats or either sex of mice. This carcinogenic response is believed to result from the reversible binding of components of gasoline or their metabolites to at2u-globulin, a low molecular weight protein found in the kidney of male, but not female rats (25) (26) (27) . This binding is thought to alter the protein's conformation, making it less digestible. The resultant protein overload of the P2 segment epithelial cells causes cell death and a sustained increase in cell proliferation (26, 28) that exhibits a dose-response similar to that of renal tumor induction (Fig. 9) . Previous studies have demonstrated a lack of genotoxicity for the same sample of unleaded gasoline (29) (30) (31) . Thus, it is likely that the increase in renal cancer in male rats represents promotion of spontaneously initiated renal epithelial cells that is secondary to a sex-and speciesspecific cytotoxicity. Preliminary data from a large initiation-promotion experiment support this interpretation.
Conclusions
Data on this divergent group of chemical carcinogens clearly demonstrate that several parameters represent critical facets in understanding the scientific basis for dose-response in carcinogenesis. Two critical determinants in the dose response of carcinogenesis are cell proliferation and the molecular dose of DNA adducts. Cell proliferation data can be obtained for any exposure regimen desired. As such, cell proliferation represents an important type of data that can be factored into the risk assessment process. Based on earlier studies of Moolgavkar (32) , preliminary models employing such data are under development in several laboratories. Likewise, efforts are underway to use data on DNA adducts in place of external exposure (2) . It is obvious from the data presented that a generic approach that assumes equal effects per unit dose between high and low exposure is almost certain to be incorrect. Thus, considerable effort and support must be given to this emerging field, if quantitative risk assessment is to be based on a firm scientific foundation.
